In C9 cells, LPA (lysophosphatidic acid) induced inositol phosphate production, increased intracellular calcium concentration and inhibited adenylate cyclase activity. These responses were abolished in cells challenged with active phorbol esters. Action of phorbol esters was blocked by inhibitors of PKC (protein kinase C) and by its down-regulation. LPA 1 receptor phosphorylation was observed in response to phorbol esters. The effect was rapid (t1 / 2 ∼ 1 min), intense (2-fold) and sustained (at least 60 min). PKC inhibitors markedly decreased the LPA 1 receptor phosphorylation induced by phorbol esters. LPA 1 receptor tagged with the green fluorescent protein internalized in response to PKC activation. In addition, LPA and angiotensin II were also capable of inducing LPA 1 receptor phosphorylation, showing that LPA 1 receptor can be subjected to homologous and heterologous desensitization.
INTRODUCTION
LPA (lysophosphatidic acid), in addition to being a key intermediate in de novo lipid synthesis, is an important intercellular messenger. Originally reported to be the major phospholipid growth factor in mammalian serum [1, 2] , it is now a known mediator of diverse cellular processes, such as migration [3] [4] [5] [6] , proliferation and cell survival [7, 8] , aggregation of platelets [9, 10] , smooth-muscle contraction [11, 12] , cytoskeletal reorganization [13] [14] [15] , myelination [16, 17] , neurogenesis [18, 19] and neurotransmitter release [20, 21] . It has also been proposed that LPA is involved in the pathogenesis of some clinical disorders, including atherosclerosis and myocardial injury [22, 23] , cancer [2, 24, 25] and neurodegenerative and psychiatric diseases [26, 27] .
It is generally accepted that the diverse effects of LPA are mediated by three distinct receptors [28, 29] : LPA 1 [18, 30] , LPA 2 [31] and LPA 3 [28, 32] . A fourth LPA receptor was recently identified, which seems to be distant from the Edg family [33] . Nevertheless, all these receptors share the common GPCR (G-proteincoupled receptor) structure: an extracellular N-terminal domain, a C-terminal intracellular tail and seven transmembrane helices connected by three extracellular and three intracellular loops [34, 35] .
Stimulation of GPCRs triggers the exchange of GDP for GTP on the Gα-subunits of G-proteins and, consequently, the dissociation of α-subunits from the βγ -dimers. Such subunits can modulate the activity of downstream effectors such as adenylate cyclase, phospholipases, phosphodiesterases, ionic channels or protein kinases. The activity of these effector enzymes and ion channels regulates the intracellular concentration of second-messenger molecules or ions, which elicit cellular responses [34, 36, 37] .
Rapid modulation of the function of many of these receptors takes place through phosphorylation/dephosphorylation cycles. Receptor phosphorylation occurs mainly on serine and threonine residues located in the third cytoplasmic loop or C-terminal tail of the receptors [38, 39] . Receptor phosphorylation increases the affinity of the receptor for a family of cytoplasmic inhibitory proteins known as arrestins [40] . Phosphorylation of the receptors and recruitment of arrestins attenuates signalling by blocking G-proteins from further interaction with the receptors [41] . In addition, arrestins act as adapters to facilitate the endocytosis of GPCR mediated by clathrin-coated pits [41] [42] [43] [44] [45] . Internalized receptors are ultimately either dephosphorylated by a membraneassociated phosphatase [46, 47] and recycled back to the plasma membrane or are ubiquitin-targeted for degradation (down-regulation) or both. Several lines of evidence support the hypothesis that receptor internalization is required for the re-sensitization of many GPCRs [42, 43, 45, 48] .
The cellular response to a given agonist may be desensitized by cellular exposure to that agonist itself, in a process known as homologous desensitization. Desensitization of the response can also be generated by cellular exposure to agonists for unrelated receptors, in a process termed as heterologous desensitization [49] .
Current ideas indicate that homologous desensitization is mediated through receptor phosphorylation by GRKs (G protein coupled receptor kinases) and subsequent binding of β-arrestin. In contrast, heterologous desensitization involves the phosphorylation of GPCRs by second-messenger-dependent kinases, such as cAMP-dependent kinase and PKC (protein kinase C).
For the LPA receptors, relatively little is known concerning their regulation. The diverse actions of LPA receptors, ubiquitous expression and evolutionary conservation suggest that they play a critical role in a number of fundamental processes. The existence of several receptor subtypes suggests distinct receptor functions in vivo and raises questions about possible differences in their regulation.
We tested the effect of direct activation of PKC by PMA (also known as TPA) on the phosphorylation and function of LPA 1 receptor expressed in the rat hepatic epithelial cell line C9. The results indicate that PKC induces LPA 1 receptor phosphorylation [50, 51] .
Cell culture
The rat hepatic epithelial cell line C9 was purchased from the A.T.C.C. (Manassas, VA, U.S.A.). C9 cells were cultured in F12K medium supplemented with 10 % fetal bovine serum, 100 µg/ml streptomycin, 100 units/ml penicillin and 0.25 µg/ml amphotericin B at 37
• C under a 95 % air and 5 % CO 2 atmosphere. The growth medium was removed and replaced with F12K, 1 % fetal bovine serum, 12-16 h before the experiment. Where indicated, cells were incubated with pertussis toxin (100 ng/ml) for 12-16 h.
[Ca 2+ ] i (intracellular calcium concentration) determination
Cells were loaded with 2.5 µM of the fluorescent Ca 2+ indicator fura 2/AM in Krebs-Ringer-Hepes containing 0.05 % BSA (pH 7.4) for 1 h at 37
• C. Cells were washed three times to eliminate the unincorporated indicator. Fluorescence measurements were carried out at excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm, chopper interval set at 0.5 s using an AMINCO-Bowman Series 2 luminescence spectrometer. [Ca 2+ ] i was calculated by the method of Grynkiewicz et al. [52] .
Inositol phosphate determination
Cells approaching confluence growing in 35-mm plates were labelled with [ 3 H]myo-inositol (6 µCi/ml) for 12-16 h. The cells were washed twice with Krebs-Ringer-Hepes buffer containing 1.3 mM CaCl 2 and incubated for 20 min in 2 ml of the same buffer containing 10 mM LiCl at 37
• C in a 5 % CO 2 atmosphere. Agonist stimulation was stopped by the addition of chloroform/methanol (1:2, v/v). Total inositol phosphates were separated by Dowex AG1-X8 chromatography [53] .
Molecular receptor characterization by RT (reverse transcriptase)-PCR
Total RNA was isolated using TRIzol ® reagent (Qiagen) according to the manufacturer's instructions. LPA receptor cDNAs were generated using the Access RT-PCR System (Promega). For RTPCRs, a 50 µl reaction mixture consisting of 0.1 unit/µl RT AMV (avian myeloblastosis virus), 0.1 unit/µl Tf1 DNA polymerase, reaction buffer AMV/TF1, 1 mM MgSO 4 , 0.2 mM of each dNTP, 1 µM of each primer and 0.1 µg of total RNA were incubated at 48
• C for 45 min, followed by 2 min at 95
• C and 35 cycles of 30 s at 95
• C, 30 s at 56
• C and 2 min at 72
We used the primers reported by Möller et al. [54] to amplify LPA receptor genes. The primers are as follows: to amplify LPA 1 , 5 -TCTTCTGGGCCATTTTCAAC-3 and 5 -TGCCTRAAGGT-GGCGCTCAT-3 (349 bp); to amplify LPA 2 , 5 -CCTACCTCTT-CCTCATGTTC-3 and 5 -TAAAGGGTGGAGTCCATCAG-3 (798 bp); to amplify LPA 3 , 5 -GGAATTGCCTCTGCAACATCT-3 and 5 -GAGTAGATGATGGGGTTCA-3 (382 bp). All primers were purchased from Sigma.
Receptor constructs and stable expression in C9 cells
The full-length cDNA encoding the mouse LPA 1 (generously provided by Dr K. Lynch, Department of Pharmacology, University of Virginia, Charlottesville, VA, U.S.A.) was amplified and its stop codon removed by PCR before insertion into pEGFP-N1 vector (Clontech BD Biosciences) using KpnI-BamHI to generate a receptor tagged at the C-terminus with the EGFP (enhanced green fluorescent protein) fusion protein. The presence of the correct nucleotide sequences was verified by double-stranded DNA sequencing.
C9 cells were stably transfected with these constructs using the LIPOFECTAMINE TM 2000 (Invitrogen) following the manufacturer's instructions. Clones expressing high levels of EGFPtagged LPA receptors were selected by resistance to Geneticin (G418) as well as by FACS using an FACSCalibur (BD Biosciences) and Cell Quest software (BD Biosciences). As a negative control, C9 cells were also stably transfected with the pEGFP-N1 vector.
Immunoprecipitation and metabolic labelling of receptors
Cells grown in 35-mm plates and approaching confluence were incubated in phosphate-free Dulbecco's modified Eagle's medium for 1 h and labelled with [ 32 P]P i (75 µCi/ml) in the same culture medium for 4 h at 37
• C. Labelled cells were stimulated with agents as indicated and then washed twice with ice-cold PBS and solubilized with 0.5 ml of ice-cold lysis buffer containing 100 mM NaCl, 20 mM NaF, 10 mM sodium pyrophosphate, 50 mM Tris (pH 8), 5 mM EDTA, 1 % Triton X-100, 0.1 % SDS, 10 mg/ml deoxycholic acid (sodium salt), 100 nM okadaic acid and protease inhibitors (20 µg/ml leupeptin, 20 µg/ml aprotinin, 100 µg/ml PMSF, 500 µg/ml bacitracin, 20 µg/ml benzamidin, 20 µg/ ml pepstatin and 50 µg/ml trypsin inhibitor).
The plates were maintained on ice for 1 h. Insoluble material was pelleted by centrifugation at 12 000 g for 10 min at 4
• C. The supernatants were precleaned with Protein A-agarose, followed by incubation overnight with constant agitation at 4
• C with 1:250 anti-EGFP antiserum (Clontech BD Biosciences) and Protein A-agarose. On the next day, samples were centrifuged and the pellets were washed three times with buffer WB1 [50 mM Tris/ HCl, 150 mM NaCl, 1 % Triton X-100 and 12 mM deoxycholic acid (sodium salt), pH 7.5], twice with buffer WB2 [50 mM Tris/ HCl, 500 mM NaCl, 0.1 % Triton X-100 and 1.2 mM deoxycholic acid (sodium salt), pH 7.5] and once with buffer WB3 [50 mM Tris/HCl, 0.1 % Triton X-100 and 1.2 mM deoxycholic acid (sodium salt), pH 7.5]. Finally, the immunocomplexes were denatured by boiling on loading buffer [120 mM Tris (pH 6.8), 4 % SDS, 0.2 % glycerol, 5 % 2-mercaptoethanol, 7 M urea, 1 mM dithiothreitol and 10 mg/ml Bromophenol Blue] and subjected to SDS/PAGE. The gels were dried and the level of receptor phosphorylation was assessed using a Molecular Dynamics PhosphorImager and the Imagequant software.
Confocal microscopy
Confocal images were obtained using an MCR 1024 BioRad confocal system (Bio-Rad, Hercules, CA, U.S.A.)
attached/interfaced to a TMD 300 Nikon Diaphot inverted light microscope with a 100 ×/1.3 NA glycerol-immersion objective. EGFP was excited using the 488 nm line of a krypton/argon laser and the emitted fluorescence detected with a 515-540 nm band pass filter. All images were obtained using a numerical aperture of 1.3 and the same laser percentage, iris aperture and gain. Operating the laser at a low power setting (97-99 % attenuation) substantially reduced photobleaching and photodamage. Confocal images were viewed, processed and converted into TIFF format using Todd Clark's program Confocal Assistant 4.2. Further analysis was performed using Scion Image (Scion, Frederick, MD, U.S.A.). Assays were performed with cells growing on a coverglass-based chamber. When agonists were added, the solution was pipetted directly into the chamber while pictures were taken simultaneously.
All data were analysed and plotted by using GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, CA, U.S.A.). Statistical analysis between comparable groups was performed using ANOVA with Bonferroni's analysis and was effected with software included in the GraphPad Prism program.
RESULTS

Signalling and desensitization of the LPA response in C9 cells
Our main goal was to study LPA effects and receptor regulation in a mammalian cell model that naturally expresses LPA receptors; hence, we used the rat hepatic epithelial cell line C9, which has been shown to mobilize calcium in response to LPA [55] . Since LPA is present in serum, we maintained the cells in the medium with minimum amount of serum, which allowed us to keep the cells in good condition. We first characterized 
Functional coupling with G-proteins
LPA receptors are known to couple with heterotrimeric G-proteins mainly of the G q and G i subfamilies. We then asked whether LPAinduced calcium response was mediated through G q and/or G i . C9 cells were incubated overnight with pertussis toxin (100 ng/ml); such a treatment inactivated pertussis toxin-sensitive G-proteins [55] . As is shown in Figure 2 (upper left panel), pertussis toxin markedly decreased but did not abolish the LPA-mediated calcium response, suggesting that both pertussis-toxin-sensitive and -insensitive G-proteins participate in the general effect, albeit the role of G i was bigger than that of G q . Interestingly, both were completely abolished by the activation of PKC with PMA ( Figure 2, upper left panel) . The coupling of LPA receptors with G i protein in C9 cells was further confirmed by the observation that LPA markedly inhibited the cAMP accumulation induced by 1 µM forskolin and that such an effect of LPA was completely 
Use of PKC inhibitors to block LPA desensitization
To confirm the role of PKC in LPA desensitization induced by PMA, we used two different approaches to reverse PKC actions. One of them was the use of two PKC inhibitors, bisindolylmaleimide I and staurosporine; the other approach was to induce the down-regulation of classic (α, β and γ ) and novel (δ, ε, θ , ν, η and µ) PKC isoforms [56, 57] 
LPA receptor gene expression in a C9 cell line
To identify which LPA receptor subtypes were mediating LPA responses in C9 cells, we characterized LPA receptor subtype gene expression by RT-PCR using specific primers for each one [54] . Robust cDNA amplification was obtained for LPA 1 and LPA 2 receptor subtypes, whereas no LPA 3 cDNA amplification was observed in C9 cells (Figure 3) . To confirm the correct size of the expected products for each gene, we used the plasmid containing LPA receptors (Figure 3 ). The identity of the RT-PCR product for LPA 1 receptor was confirmed by sequencing. Expression of LPA 4 receptor was not explored since this receptor subtype is coupled with adenylate cyclase in a stimulatory manner [33] .
Immunoprecipitation of phosphorylated LPA 1 receptor
It was clear that PKC activation by PMA induced LPA signal desensitization, but it remained to be determined whether LPA receptors were phosphorylated. Given the rapid nature of LPA desensitization, receptor phosphorylation was examined as a probable mechanism for signal silencing. We attempted the immuno- precipitation of endogenous LPA receptors without success using commercial antibodies and others generated in our laboratory using different receptor peptides as antigens. Two main reasons could explain the failure: a low receptor density and/or that the antibodies were not suitable for immunoprecipitation. To circumvent these problems, we generated a fusion protein of LPA 1 receptor targeted with the EGFP, concentrating our efforts on this receptor at the present time. The addition of EGFP protein to the C-terminus of the LPA 1 receptor provides the opportunity to overexpress the receptor and demonstrate unequivocal LPA 1 receptor phosphorylation by immunoprecipitation using a commercial high-affinity polyclonal anti-EGFP antibody. The LPA 1 -EGFP receptor was transfected into C9 cells to maintain the 'cellular context'.
Stably transfected cells expressing LPA 1 -EGFP were sorted by flow cytometry and grown under selection by G418. When these cells were challenged with LPA, the increase in [Ca 2+ ] i was consistently greater than that observed in the parental cells and the effect was also markedly attenuated by PMA (Figure 4) .
We use polyclonal rabbit antibodies directed against the EGFP protein to immunoprecipitate LPA 1 -EGFP receptor. It was observed that this antibody immunoprecipitated a single band with a molecular mass of approx. 90 kDa from LPA 1 -EGFP C9 cells, metabolically labelled with [ 32 P]P i ( Figure 5 , upper left panel). A commercial antibody against the LPA 1 receptor (Santa Cruz Biotechnology) confirmed the identity of this band in Western-blot assays (results not shown). As expected, no immunoprecipitation was detected in non-transfected cells ( Figure 5 , upper left panel, M) and no phosphorylation was observed when cells were transfected with EGFP (results not shown). The band corresponding to the LPA 1 -EGFP was labelled in the basal state, suggesting that the receptor is a phosphoprotein. Such basal receptor phosphorylation was markedly increased (∼ 2-fold) in cells treated for 5 min with 1 µM PMA ( Figure 5 ). The effect of PMA was concentration-dependent with an apparent EC 50 of 11 + − 2 nM (mean + − S.E.M., n = 4; Figure 5 , upper right panel). It has already been reported that the LPA response is subjected to agonist-induced regulation involving GRK2 and β-arrestin-1 [58] and that the LPA 1 receptor is endocytosed via a dynamin2-and Rab5-dependent pathway [59] ; however, it has not been reported that LPA receptor phosphorylation is a step in these processes. To test the possibility that the natural agonist might in fact promote LPA 1 -EGFP receptor phosphorylation, we challenged LPA 1 -EGFP C9 cells for 5 min with 1 µM LPA. LPA 1 receptor phosphorylation was very robust (5-8-fold) and stronger than that observed with PMA ( Figure 6 ). As shown in Figure 6 (upper panel), LPA induced functional desensitization with respect to calcium release. Bradykinin (results not shown) and angiotensin II also induced LPA 1 -EGFP receptor phosphorylation but to a smaller extent (Figure 6) . Interestingly, the effect of angiotensin II was markedly decreased by bisindolylmaleimide I, but that of LPA was not ( Figure 6 ).
LPA 1 -EGFP receptor internalization induced by PMA
Finally, we asked whether PKC activation by PMA could affect the subcellular localization of LPA 1 -EGFP receptors. Fluorescence confocal microscope images showed that LPA 1 -EGFP is localized at the plasma membrane and intracellularly ( Figure 7) ; the intracellular signal may be generated by receptors in the process of being inserted into the plasma membrane, being internalized or recycled. In contrast, EGFP alone showed a homogeneous cytosolic distribution (Figure 7) .
Treatment of cells with PMA (1 µM) induced LPA 1 -EGFP internalization as evidenced by a marked reduction of fluorescence at the level of the plasma membrane and accumulation of vesicles around the nucleus (Figure 7) . The process was visualized in real time, showing that the internalization process occurs very fast; similarly, internalization of LPA 1 -EGFP receptors was induced by the agonist LPA (Figure 7) . Altogether, these results demonstrate a temporal correlation between PMA-induced phosphorylation, desensitization and internalization of LPA 1 receptors and strongly support the participation of PKC in all these processes. The role of PKC in the phosphorylation of these receptors induced by LPA is not clear; probably, GRKs may play a predominant role.
DISCUSSION
In C9 cells, LPA inhibits adenylate cyclase, induces inositol phosphate production and increases [Ca 2+ ] i signalling through both pertussis toxin-sensitive and -insensitive G-proteins, albeit pertussis toxin-sensitive (probably G i ) proteins are mainly responsible for LPA receptor-mediated effect in these cells. It is well established that Gβγ subunits of G i proteins activate phospholipase C β [60] . The ability of LPA to activate G i proteins is consistent with previous reports in many other cells [1, [61] [62] [63] [64] .
LPA-induced calcium response was completely abolished in C9 cells previously challenged with PMA. Such an action is selective for LPA response and cannot be attributed to calcium depletion or cell deterioration since the subsequent stimulation by a different agent induces calcium mobilization. The action of PMA was blocked by pretreatment with PKC inhibitors (bisindolylmaleimide I or staurosporine), as well as by PKC down-regulation. Our functional data indicate that LPA signalling is regulated by PKC activation in these cells. Moreover, the [
35 S]-GTP[S] binding data suggest that PKC activation induced LPA receptor-G-protein uncoupling.
Pharmacological quantification and identification of LPA receptor subtypes is extremely difficult due to high non-specific radioligand binding and that selective agonists and antagonist for these receptors are just being developed [6, 65, 66] . Using RT-PCR, we documented that LPA 1 and LPA 2 receptors are expressed in C9 cells. In the present study, we did not explore the presence of LPA 4 receptors, a new isoform recently identified and structurally distant from the Edg family [33] .
The C-terminal EGFP-tagged LPA 1 receptor allowed us direct detection of LPA 1 receptor phosphorylation. LPA receptor phosphorylation correlates with the desensitization in these cells. Use of a PKC inhibitor markedly decreased LPA 1 -EGFP receptor phosphorylation induced by PMA. Altogether, these results indicate that PKC activation induced a marked desensitization of the LPA receptors, associated with a very fast receptor phosphorylation. Previous reports have shown the ability of PMA to block LPA signalling [67, 68] , but to the best of our knowledge this is the first report showing phosphorylation of LPA receptors and its association with desensitization. Analysis of the third intracellular loop and the C-terminus of LPA 1 receptors showed several PKC putative phosphorylation sites [69] such as Thr-236, Ser-312, Thr-321 and Ser-341. Whether these residues are the actual sites of phosphorylation and their functional significance remain to be established.
There is a large amount of evidence associating phosphorylation of GPCRs with desensitization [49, 55, 70] , and the role of PKC in the modulation of GPCRs' function has also been extensively documented [71] [72] [73] . Our confocal microscopy studies also gave interesting data. In C9 cells, PMA induced a relatively rapid and strong decrease in surface receptors, suggesting that PKCmediated phosphorylation might play a role in LPA receptor internalization. This is consistent with the results obtained with other GPCRs [74] .
Although the effects of PMA are clear when compared with LPA 1 -EGFP basal phosphorylation, the signal intensity is less than the LPA 1 -EGFP phosphorylation induced by LPA. Our result indicates that agonist-occupied LPA 1 receptors are phosphorylated and desensitized. This process could involve some isoform(s) of GRKs, as observed for many other receptors, but this remains to be defined experimentally.
We showed in the present study that activation of GPCRs endogenously expressed in C9 cells, such as those for angiotensin II, can also induce LPA 1 -EGFP receptor phosphorylation. Several reports have documented the importance of cross-regulation between receptors coupled with the same or different signal-transduction pathways [70, 75, 76] . This cross-regulation seems to be important when considered in a physiological context, where cells are constantly exposed to mixtures of messengers present in the extracellular media. There are variations in the signalling pathways participating in such cross-talks [72, 73, 77] .
In summary, our results indicate that (i) activation of PKC by PMA induced the phosphorylation of LPA 1 receptor; (ii) this effect was associated with receptor desensitization and internalization and, finally, (iii) LPA 1 receptor could be phosphorylated by agonist stimulation and through the activation of unrelated receptors.
Multiple LPA receptors could provide cells with overlapping properties for essential functions and/or could have different specialized functions. The existence of several LPA receptor subtypes suggests different properties in their action and/or regulation. In addition, it is possible that receptor combinatorial functions or synergisms may exist in cells expressing more than one LPA receptor subtype. The phosphorylation and desensitization of LPA receptors may have physiological importance, given that persistent LPA receptor activity could participate in the genesis of pathological conditions. Information concerning the tissue expression, their specific functions and their regulation is only just emerging.
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